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Chlamydomonas CONSTANS
and the Evolution of Plant
Photoperiodic Signalingexternal and internal signals in order to induce the expression
of genes that trigger the transition of the apical meristem
from vegetative to reproductive [1, 2]. The control of the master
geneCONSTANS (CO), at both the transcriptional and the post-
translational levels, is central to the photoperiod pathway, one
of the most conserved signaling pathways in regulation of the
floral transition [3, 4].
CO transcription in Arabidopsis is under circadian and photo-
periodic control, which promotes a higher abundance of CO
mRNA during the light phase of a long summer day than in
a short winter day [5]. These seasonal and diurnal rhythms of
CO transcript levels are regulated by a genetic pathway that
includes the genes GIGANTEA, FLAVIN-BINDING, KELCH
REPEAT, F-BOX 1, and CYCLIN DOF FACTOR 1 [6]. Diurnal
CO protein accumulation is influenced by light, under the
control of the phytochrome system [7], and is degraded by
the proteasome during the night [8] via the ubiquitin ligase
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), a major
regulator of seedling photomorphogenesis. These light and
dark cycles of CO degradation, together with the circadian
and seasonal regulation of CO mRNA expression, determine
that CO is activated during the evening of a long day. Active
CO promotes the expression of the floral integrator FT in the
leaf phloem, and FT protein is transmitted from the leaves to
the apical meristem [9, 10]. In the apical meristem, FT, together
with the transcription factor FD, induces the expression of other
floral integrators: APETALA1, SUPPRESSOR OF OVEREX
PRESSOR OF CONSTANS 1 (SOC1), LEAFY, and, eventually,
the floral homeotic genes that control the development of the
floral organs [4].
The CO-FT module is widely distributed in fanerogames [11]
and gymnosperms [12] and constitutes one of the most
conserved regulatory elements involved in the promotion of
flowering [13]. CO homologs (CO-likes or COLs) are present
in all land plants, including the moss Physcomitrella [14] and
the spike-moss Selaginella (this work) but are absent in
bacteria, fungi, and animals [15]. Nevertheless, with the exclu-
sion of some higher-plant genes, such as the rice gene
HEADING DATE 1 (HD1), the Pharbitis nil (PnCO) gene, or,
recently, the sugar-beet gene (i.e., BvCOL1), no COL gene
from the plant evolutionary lineage has been shown to comple-
ment the comutation inArabidopsis thaliana, thereby showing
a function in phase transition [16, 17]. In order to understand
the importance of this pathway in the evolution of plant devel-
opment, we aimed to define how ancient this regulatory
module is. Given that previous attempts had failed to demon-
strate the presence of a true ortholog of CO in the moss
Physcomitrella [14], a search in the recently sequenced
genomes of earlier plant ancestors, such as eukaryotic unicel-
lular algae, was carried out.
Chlamydomonas reinhardtii is a unicellular green alga, used
asa modelorganismbecause of its easy transformation,power-
ful genetics, metabolic versatility, and haploid genome, whose
sequence was recently made available [18]. Processes such
as phototaxis, synchronous growth, and starch accumulation
are controlled by the circadian clock in Chlamydomonas [19,
20]. In this and other green microalgae, growth is coordinated
with the cell cycle in synchronous cultures under certainGloria Serrano,1 Rosana Herrera-Palau,1 Jose´ M. Romero,1
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Summary
Background: The circadian clock controls several important
processes in plant development, including the phase transi-
tion from vegetative growth to flowering. In Arabidopsis
thaliana, the circadian-regulated gene CONSTANS (CO)
plays a central role in the photoperiodic control of the floral
transition, one of the most conserved flowering responses
among distantly related plants. CO is a member of a plant-
specific family of transcription factors, and when it arose
during the evolution of higher plants is unclear.
Results: A CO homologous gene present in the genome of
the unicellular green alga Chlamydomonas reinhardtii
(CrCO) can complement the Arabidopsis co mutation and
promote early flowering in wild-type plants when expressed
under different promoters. Transcript levels of FLOWERING
LOCUS T (FT), the main target of CO, are increased in CrCO
transgenic plants in a way similar to those in plants overex-
pressing CO. In the microalga, expression of CrCO is
influenced by day length and the circadian clock, being
higher in short photoperiods. Reduction of CrCO expression
in Chlamydomonas by RNA interference induces defects in
culture growth, whereas algae induced to express high levels
of CrCO show alterations in several circadian output
processes, such as starch accumulation and the onset of
expression of genes that regulate the cell cycle.
Conclusions: The effects observed may reflect a conserved
role for CrCO in the coordination of processes regulated by
photoperiod and the circadian clock. Our data indicate that
CO orthologs probably represent ancient regulators of
photoperiod-dependent events and that these regulators
arose early in the evolutionary lineage that gave rise to flow-
ering plants.
Introduction
The floral transition is a crucial developmental process in
plants, because the timing of reproduction determines the
success of the individual and its offspring. To promote the floral
transition, plants must coordinate the response to several
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360photoregimes [21]. In these cultures, cell division is synchro-
nized to a particular time of the day, so that most of the culture
population will be constituted by cells in the same division stage
at any given time [22]. Recently, a systematic survey for finding
new components of the Chlamydomonas circadian clock [23]
identified the mutant roc66, which exhibited a slightly longer
period in growth rhythm as compared to the wild-type. The
protein encoded by ROC66 has certain features that resemble
COL proteins. It has been shown that the circadian clock can
gate cell division in Chlamydomonas [24] and that photoperiod
also has a strong influence in the gating of this signal and in the
progression of the cell cycle in Ostreococcus tauri, another
green microalga [25].
Here, we show that photoperiod has a strong influence in
Chlamydomonas cell growth and division, reinforcing the
circadian clock signal (particularly in photoperiods with a low
energy input), and that a Chlamydomonas CONSTANS
homolog (CrCO) is involved in this process.
Because of its effect on growth and other key circadian
processes of the alga, as well as its capacity to promote early
flowering in plants, CrCO is proposed to be part of an early
regulatory mechanism that coordinates light signals to
promote phase changes. Recruitment of this regulatory mech-
anism to other processes may have been critical in the evolu-
tionary success of eukaryotic photosynthetic organisms.
Results
Identification of C. reinhardtii CONSTANS Homolog
Three predicted open reading frames (ORFs) with homology to
the CONSTANS gene from Arabidopsis thaliana were identified
in the latest version of theC. reinhardtiigenome database (www.
jgi.doe.gov/chlamy [18]). One of these putative ORFs (JGI
protein ID: 159133), called CrCO, exhibits the domain structure
thatdefinesa COhomolog at the protein level (seeSupplemental
Data, available online). The two other COL proteins present in
the Chlamydomonas genome are predicted to encode longer
sequences of more than 1000 aa. One of them encodes a
1192-aa-long protein with a single truncated amino-terminal
B-box and a carboxy CCT domain (EDP03468; JGI protein ID:
190315), whereas the other one (ROC66, JGI protein ID:
174620) has recently been described as a 2389-aa-long protein
containing an internal CCT domain and two amino zinc-finger
domains, of which only the first one is a consensus B-box [23].
CrCO entries are frequent in expression sequence tag (EST)
databases, but only a single EDP03468 EST could be retrieved.
Furthermore, no signal could be amplified by reverse transcrip-
tase PCR (RT-PCR) of the EDP03468 truncated COL sequence
with the use of internal primers and cDNA obtained under
different growing conditions as templates. On the other hand,
expression of ROC66 was reportedly low but significant and
seemed to be regulated by the circadian clock [23]. Because
of its high divergence with the CO sequence and its similarity
with other members of the COL family,ROC66 could represent
an algal COL gene. Significantly, under all growing conditions
tested, the CrCO complete ORF could be amplified by RT-
PCR assays, yielding a 1.4-kb-long fragment, consistent with
the size of the gene predicted in the latest version of theC. rein-
hardtii genomic sequence (Figure S1A). The structure of the
CrCO gene was thus generated by a gathering of information
from ESTs, RT-PCR amplifications, and the predicted genomic
sequence in theC. reinhardtii database (Figure S1A).CrCO has
four introns that are conserved in the Volvox cartieri sequence
but are absent in the plant, the moss Physcomitrella patens, orthe spike-moss Selaginella moellendorffii genes [11, 14]. The
CrCO coding sequence (1230 nt) is similar in length to that of
CO, and its mRNA contains short 50 and 30 sequences. The
overall identity between the deduced amino acid sequences
of CO and CrCO genes was 27%, and the similarity was 37%.
In the conserved B-box region, identity in the amino acid
sequence was as high as 43%, whereas in the CCT domain,
identity reached 78%. Identities with other COL sequences
from the plant evolutionary lineage ranged from 20% to 30%
(Table S1). Altogether, our data strongly suggest that CrCO is
the only true CO homolog normally expressed in C. reinhardtii.
The predicted amino acid sequence of CrCO, along with
sequences from CO and COLs belonging to different members
of the photosynthetic eukaryote lineage, were used for gener-
ating an alignment and an evolutionary tree (see Supplemental
Data). In the tree of Figure S1B, CrCO clustered together with
Volvox-CO (VcCO), another chlorophycean microalga that
shows a rudimentary multicellular organization [26]. Gene
structure and intron position are similar between bothCO algal
sequences according to the evolutionary proximity of both
species (Figure S1B). This basal branch was very close to
group I [15], which includes the CO and HD1 proteins that
have been shown to have a critical function in floral transition
in Arabidopsis and rice, respectively. In contrast, the CO homo-
logs found in the genomic projects of the marine unicellular
green alga Ostreococcus tauri and the red alga Galdieria
sulphuraria branched far from this group (96% bootstrap),
branching together with COL members of group II (Figure S1B).
Members of this group of COL homologs lack one of the amino-
terminal B-box domains (Figure S2) and are probably involved
in other cellular functions. On the other hand, a small group
of CO-like proteins, represented by the three COL proteins
from Physcomitrella, one from Selaginella, AtCOL3-AtCOL5
from Arabidopsis, and OsCOL1-OsCOL4 from rice, clustered
together, with a boostrap value near 100%. Members of this
group, such as COL3, have been suggested to be involved in
red light signaling [27] or proposed to mediate light signaling
[14], but none of the members of the group have been shown
to complement the co mutation. This observation suggests
that this group has acquired other light-dependent functions
rather than the promotion of phase transitions and represents
a group functionally distinct from the core group of CO, HD1,
and CrCO. Table S1 and Figure S2 give a picture of the evolu-
tionary relationships of these genes.
NoCO-like genes were found in the genomic projects or EST
databases from several species belonging to other major algae
taxonomic groups, such as Bacillariophytes (Thalassiosira
pseudonana and Phaeodactylum tricornutum), Dinophytes
(Amphidinium operculata), Euglenophytes (Euglena gracilis),
or Haptophytes (Emiliania huxleyi). Probably, therefore, the
evolutionary lineage that finally evolved into land plants
includes trueCOhomologs, although sequencing of other algal
genomes could modify this scenario.
Photoperiodic and Circadian Expression of CrCO
CO expression is controlled by the circadian clock and photo-
period in Arabidopsis thaliana, so that the peak of CO mRNA
expression progressively moves into daytime with the
increasing length of the light period during the year [6]. In order
to asses the contribution ofCrCO to the photoperiod response
in Chlamydomonas, cells were cultured under different condi-
tions, altering light intensity, day length, and media composi-
tion. Both the cell-wall-deficient mutant CW15 and the 21gr
wild-type strain were cultured. In these algae, CrCO mRNA
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361Figure 1. CrCO mRNA and Protein Are Regulated by the Circadian Clock and the Photoperiod
(A) Transcript levels of CrCO in CW15 in SD and LD. Data are mean (6 SEM) of at least three independent, semiquantitative RT-PCR experiments related to
TUA1 levels (above). A representative experiment is shown below.
(B) Decrease in CrCO transcript levels in the presence of an external carbon source (sodium acetate) in LD (above) and SD (below). Figures represent
RT-PCR mRNA levels, with the same conditions as in (A) employed.
(C) RT-PCR quantifications represent average values (6 SEM) of three independent experiments of CrCO mRNA levels related to TUA1 levels at ZT 8 and
ZT 20 in different photoperiod regimes represented by gray bars of varying intensity.
(D) Detection of native CrCO protein in algal crude extracts (50 mg) and purified GST:CrCO fusion protein (1 mg) with CO antibodies. Black lines indicate the
apparent electrophoretic mobility of marker proteins (SeeBlue Standard, Invitrogen).
(E) Immunoblots showing CrCO levels in crude extracts from alga grown in SD (above) or LD (below). H3 antibodies were used as control. 50 mg of protein
were loaded per lane.
(F) Circadian expression of CrCO transcript during a 64 hr experiment consisting of a SD followed by 40 hr of LL. Data are average values (6 SEM) of three
independent experiments.12 hr light:12 hr dark days (12:12) than in LD (16:8) and lower
than in SD (8:16). In all photoperiods, CrCO expression during
daytime (ZT 8) was higher than during nighttime (ZT 20). Thus,
increasing the length of the light period induces a reduction in
CrCO expression, but the peak in mRNA levels still takes place
during daytime (Figure 1C). This is, again, different from Arabi-
dopsis, in which CO expression moves into the light in LD but
is absent in SD during daytime.
Antibodies against the complete CO protein from Arabidop-
sis recognized purified GST-tagged CrCO expressed in E. coli
in immunoblot experiments (Figure 1D). These antibodies were
used for detecting the production of CrCO in protein extracts
from Chlamydomonas cultures grown under SD and LD
(Figure 1E and Figure S3B). In Arabidopsis, besides the tran-
scriptional regulation described above, CO protein stability is
controlled at posttranslational level by two different signals
mediated by the proteasome, so that CO is effectively absent
from the nucleus when its function is not required [9, 10]. On
the contrary, in Chlamydomonas, production of CrCO proteinexpression and protein levels were analyzed in 24 hr experi-
ments. In Sueoka mineral medium under dim light (65 mE/m2),
algal CrCO mRNA reached its highest peak of expression
during the light phase of a short day (SD; 8 hr light and 16 hr
dark) around Zeitgeber Time (ZT) 4. In cells grown under the
same conditions but with a long day (LD) photoperiod (16 hr
light, 8 hr dark), CrCO expression reached lower levels than
in SD, peaking at ZT 8 (Figure 1A). This situation is different
from that of Arabidopsis, because CrCO mRNA is present in
both photoperiods during the light phase whereas in the plant,
expression of CO coincides only with the light phase in LD [5].
Moreover,CrCO expression is significantly higher in SD than in
LD, a finding which is not observed in Arabidopsis [5]. Growth
of Chlamydomonas cells in Tris-Acetate-Phosphate (TAP)
medium, which promotes mixotrophic growth conditions
[28, 29], decreased the expression levels of CrCO in both
photoperiods (Figure 1B and Figure S3A).
Expression ofCrCO changed gradually with the extension of
day length (Figure 1C): At ZT 8, CrCO expression was higher in
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362Figure 2. Expression of CrCO in Arabidopsis under Different Promoters Complements co Mutation and Accelerates Flowering in a Non-Cell-Autonomous
Manner
(A) co-8 and co-10 null mutants, Col-0, and 35S::CrCO#2 (co-10 background) plants grown in soil for 4 wk in LD. Homozygous T3 plants are shown.
(B) Detection of FT mRNA levels by RT-PCR in 35S::CrCO#1 (co-8 background) and 35S::CrCO#2 (co-10 background) plants, including positive (SUC2::CO
and 35S::CO) and negative (co-8) controls. Plants were grown in soil for 2 wk in LD, and samples were taken at midday (ZT 4, above) and evening (ZT 16,
below). Quantifications in bar graphs representing the means (6 SEM) of at least three independent experiments are shown on the right of each panel.
(C) Expression ofCrCO under the phloem-specific promoter SUC2 accelerates flowering in Col-0 background. WhenCrCO expression is driven by the meri-
stem-specific promoter KNATI, the early-flowering phenotype does not occur. co-10 mutant, Col-0, and 35S::CO plants (Col-0 background) are shown as
controls.
(D) Expression of CrCO and FT in the same plants as in (C). FT expression in Col-0, co-10, and 35S::CO (Col-0) plants is shown as control. Quantifications
(6 SEM) of CrCO expression (above) and FT expression (below) of three independent experiments are shown on the right.
(E) Immunodetection of CrCO protein with CO-specific antibodies in nuclear extracts of Col-0, 35S::CO (Col-0), and Col-0 plants transformed with
SUC2::CrCO or KNAT1::CrCO. Detection of H3 is used as a loading control. The arrow indicates the specific 45 kDa band detected in 35S::CrCO and
SUC2::CrCO plants.the 35S promoter (35S::CrCO plants) was able to complement
the co mutation (Figure 2A and Figure S4B), all plants showing
an early-flowering phenotype (Table 1). On the other hand,
there was a direct cosegregation of the vector marker and
the early-flowering phenotype in transformed Ler and Col-0
Table I. Flowering Time of Wild-Type, Mutant, and Transgenic Plants
during Long Days
Plant Genotype Total Leaf Number 6 SEM
Ler 12.8 6 0.3
Col-0 19.9 6 0.5
co-8 (Ler) 33.2 6 0.7
co-10 (Col-0) 39.7 6 0.8
35S::CO (Col-0) 5.8 6 0.1
SUC2::CO (Ler) 7.4 6 0.2
35S::CrCO (Ler) 8.4 6 0.2
35S::CrCO (Col-0) 13.2 6 0.3
35S::CrCO #1 (co-8) (Ler) 10.2 6 0.2
35S::CrCO #2 (co-10) (Col-0) 13.6 6 0.4
SUC2::CrCO (Col-0) 8.6 6 0.2
KNAT1::CrCO (Col-0) 20.4 6 0.7
Data are shown as the mean 6 SEM of ten plants scored for total leaf
number in LD conditions. The background of each plant line is shown in
brackets beside the genotype. Transgenic lines described in this work are
T3 plants.closely followed the expression pattern of its mRNA, with
maximum peaks during the daytime (Figure 1E and Figure S3B).
For testing whether CrCO expression was also under circa-
dian regulation, mRNA levels were followed in a Chlamydomo-
nas culture during midexponential growth phase for three
days. During the first day, algae were acclimated to SD and
then subjected to two continuous-light (LL) artificial days.
CrCO expression during the first day of the experiment was
similar to the pattern described in Figure 1A, showing a peak
of expression at the end of the light period, and the signal
continued to respond in a circadian manner even in continuous
light (Figure 1F). Therefore, CrCO expression depends on the
circadian rhythm and is also strongly influenced by the lengths
of light and dark periods.
Expression of CrCO in Arabidopsis under the Control of
Different Promoters Accelerates the Floral Transition
The full-length CrCO cDNA was cloned under the control of
a 35S promoter into a plant expression vector (see Supple-
mental Experimental Procedures). The CrCO-overexpressing
construct was transformed into co-8 and co-10 null mutants
[10, 15], as well as wild-type Lerand Columbia ecotypes. Trans-
formed plants were checked for the presence of the algal gene
by RT-PCR (Figure S4A). In all cases, CrCO expressed under
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promote early flowering in wild-type plants (Table 1).
Plants overexpressing CrCO were also tested for their
capacity to activate expression of the major target of CO, the
floral integrator FT. Homozygous 35S::CrCO plants were
grown on solid media under LD, and the expression of FT
was analyzed at ZT 4 and ZT 16 (Figure 2B). Wild-type, co
mutants, and CO overexpressors (35S::CO) [30] were used
as control plants. In all cases, the early-flowering phenotype
of 35S::CrCO plants was associated with high FTmRNA levels,
even at noon, when FT expression is low in wild-type plants
(Figure 2B). 35S::CrCO plants were also early flowering in
noninductive SD conditions, and this effect was also associ-
ated with high FT expression levels (not shown). Thus, the
early-flowering phenotype of transgenic Arabidopsis plants
expressing the CrCO gene was probably the FT-mediated
process described for the induction of flowering by photope-
riod [2, 4]. 35S::CO plants showed other pleiotropic pheno-
types associated with early flowering, such as club-like
siliques, increased male sterility, and terminal flower [30, 31].
Analogously, 35S::CrCO plants had a reduced size, defects
in silique formation, and terminal flower, and they were often
unable to produce mature siliques, their flowers degenerating
in late developmental stages (Figure S4B, a–d). These latter
plants (Figure S4B, c and d) showed a severely small size,
extremely early flowering—estimated as both days to flower
and total leaf number—and very high levels of CrCO and
FT mRNA (not shown).
CO induces flowering under LD by promoting the expression
in the vascular bundles of a systemic signal [9]. In order to test
whether CrCO expression could also promote flowering when
specifically expressed in this tissue, we introduced CrCO in
Arabidopsis Col-0 plants under the promoter of the sucrose
transporter SUC2, which is known to be expressed preferen-
tially in the companion cells of the phloem vascular tissue
[32]. Expression of CrCO under the SUC2 promoter
(SUC2::CrCO plants) induced early flowering in wild-type
Col-0 plants (Figure 2C and Table 1) and complemented co
mutants (not shown). Plants transformed with SUC2::CrCO
constructs had approximately 8.6 6 0.2 leaves at the moment
of the appearance of the first floral bud in LD conditions,
whereas Col-0 plants had 19.9 6 0.5 leaves under the same
growing conditions (Table 1). Nevertheless, when CrCO
cDNA was controlled by the KNATI gene promoter, whose
expression is exclusive of the apical meristem [9, 10], and
introduced into Col-0 plants, flowering was not altered
(Figure 2C and Table 1). KNATI::CrCO plants flowered with
20.46 0.7 leaves (Table 1). To confirm that the early-flowering
phenotype observed in SUC2::CrCO plants was due to the
activation of the photoperiodic pathway, we tested FT expres-
sion by RT-PCR. Accordingly, FT was expressed at high levels
in these plants in both LD and SD as compared to control
plants, and this was concurrent with high CrCO expression
levels (Figure 2D). However, when CrCO was under control
of the meristem specific promoter, even though high CrCO
levels were maintained, no differential FT expression was
observed compared to wild-type plants (Figure 2D).
Plants overexpressing CrCO in Col-0 background were
found by immunoblotting to produce high levels of CrCO
protein in nuclear extracts (Figure 2E). Expression of CrCO
under the SUC2 or KNATI promoter in Col-0 background was
also tested for CrCO protein levels by immunoblotting. Consis-
tent with the mRNA data, protein could be detected in
35S::CrCO and SUC2::CrCO plants but not in co-10 mutantplants or those in which CrCO expression was driven by the
KNATI promoter (Figure 2E).
Translational fusions of CO with the green fluorescent
protein (GFP) and transformation with vectors for plant expres-
sion showed the nuclear localization of the GFP:CO fusion
[7, 15]. We cloned CrCO in plasmid pENSG-YFP:GW, which
produces an amino-terminal fusion with the yellow variant of
GFP (YFP). This vector was introduced into onion epidermal
cells by particle bombardment, along with a control express-
ing CO (YFP:CO) under the same conditions. As shown in
Figure S4C, confocal microscopy showed YFP:CrCO in the
nucleus in a manner similar to that of plants that over-
expressed CO:YFP fusion [8], thus suggesting that CrCO is
also nuclear localized.
Modification of CrCO Expression in Chlamydomonas
Affects Growth
Given that in the Chlamydomonas genomic sequence data-
base there is no clear FT homolog ([18], this work) and that no
mobile signal would be needed for promotion of the onset of
a transition change in a unicellular alga, the function of CrCO
protein in Chlamydomonas was unclear. To address this ques-
tion, we tried to obtain mutants by screening a Chlamydomo-
nas insertional mutant collection [33], but no insertion in
CrCOwas detected by PCR experiments. Finally, the complete
cDNA ofCrCOwas introduced in antisense orientation in vector
pSL18 under the expression of a constitutive promoter. Algal
cells were transformed with this vector, and several lines
showing reduced levels ofCrCOmRNA were selected (Figures
3A and 3B). Increasing antibiotic concentrations during the
selection process produced a high mortality rate, suggesting
a certain lethal effect on the drastic reduction ofCrCO function.
None of the lines finally selected completely suppressed CrCO
gene expression (Figure 3A). When grown on liquid minimal
media under continuous high light (100 mE/m2), the antisense
lines presented a reduced-growth phenotype that eventually
led to a complete stop of growth in some cultures (Figure 3B).
Nevertheless, under low light conditions (30 mE/m2), these
cultures were able to survive, although at lower growth rates
than the wild-type strain (Figure 3C). These lines were very
unstable and difficult to maintain for long periods in photoauto-
trophic culture conditions. Significantly, a mutation in the
Chlamydomonas ROC66 gene, which modifies the circadian
behavior of the alga, also affected growth, although this muta-
tion is not lethal [23].
CrCO cDNA was cloned under the expression of the Chla-
mydomonas Nitrate Reductase (NIA1) promoter, which is acti-
vated by nitrate and repressed by ammonium, in a modified
version of vector pNia1 [33] (see Supplemental Experimental
Procedures). Algal cells transformed with this construct
(CrCOox) produced higher levels of CrCO mRNA than the
wild-type strain when grown on Sueoka-nitrate media
(Figure 3A and Figure S5A), whereas the expression of CrCO
was not significantly altered in Sueoka-ammonium medium.
In 24 hr experiments, either in SD or LD, CrCO mRNA levels
were high throughout the photoperiod in CrCOox lines
(Figure 3D). CrCO protein levels were also higher in these
recombinant algae in inductive conditions (presence of nitrate)
in both photoperiods, the protein showing a constantly higher
production rate during the whole 24 hr cycle (Figure S5B).
Because algal cells with low levels of CrCO showed growth
defects, the outcome of CrCO overexpression in the growth
cycle of the alga was tested. Thus, CrCOox and wild-type cells
were grown on inductive or noninductive conditions, and
Current Biology Vol 19 No 5
364Figure 3. Altered Levels of CrCO Expression in
Chlamydomonas Affect Culture Growth and Cell
Morphotypes
(A) Northern blot with a CrCO probe on RNA
extracted from recombinant algae carrying an
antisense CrCO construct (#1 and #2), CrCOox,
and CW15 control.
(B) Growth phenotype after 4 wk of photoautotro-
phic growth in high-intensity light (100 mE/m2) of
CrCO antisense (#1, #2, and #14), CW15, and
CrCOox lines.
(C) Growth curve (mg of chlorophyll/ml of culture)
of CW15, CrCOox, and CrCO antisense #14 lines
in aerated Sueoka-nitrate media under low-inten-
sity light (30 mE/m2) during a 4 wk course.
(D) Detection of CrCO transcript by RT-PCR in
CrCOox algae grown in Sueoka-nitrate media in
SD (above) and LD (below). TUA1 expression is
shown as a control. Quantification of CrCO
expression in reference to TUA1 level is shown
on the right and represents the percentage of
the mean 6 SEM of three independent experi-
ments.
(E) Observation of SD CrCOox algal cultures after
24 hr inCrCO inductive (+nitrate, below) or nonin-
ductive (+ammonium, above) growing conditions
by flow cytometry. Relative levels of chlorophyll
(FL33 count), size (FSC3 count), and complexity
(FSC 3 SSC) are monitored. The arrow points to
the specific chlorophyll fluorescence of the
small-size algal population (circled in the FSC 3
SSC graph, below) that appears after CrCO induction. Differences in the FSC 3 SSC and FSC 3 count graphs between CrCO noninduced (above) and
CrCO induced algal cells (below) reflect differences in cell shape and size.
(F) Microscope images of nitrate-inducedCrCOox cells corresponding to algae in the same growth state as in (A). Images of CW15 cells collected at ZT 16 and
21gr cells collected at ZT 4 from cultures synchronized at 8:16 photoperiod are shown as controls. Left panels show chlorophyll autofluorescence, and right
panels show bright field images from the same sample. Bars represent 2 mm.Altered Levels of CrCO Expression Modify the Circadian
Regulation of Some Chlamydomonas Clock Output
Processes
Alteration in the synchronous growth of CrCOox algal cultures
may be caused by a disconnection between the cell cycle and
the growingconditionsof the cells. It has previouslybeen shown
that expression of cell-cycle genes in the prasinophycean mi-
croalga Ostreococcus tauri is under circadian control and that
this effect is regulated by light intensity [25]. Consequently,
expression of some genes involved in cell-cycle progression
[22] during the growth of Chlamydomonas cells in different
photoperiods has been followed. Expression of CYCLIN A1
(CYCA1) and CYCLIN-DEPENDENT KINASE B1 (CDKB1) [22,
25] was monitored by semiquantitative RT-PCR during 24 hr
cycles, with samples taken every four hours (Figure 4A). Expres-
sion of CYCA1 and CDKB1 is controlled by the photoperiod,
with a peak of expression that coincides with the onset of
dark in every photoperiod tested. Thus, maximal expression
of CYCA1 and CDKB1 is at ZT 8 in SD; at ZT 8–12 in
10:14 days; at ZT 12 in 12:12 days, and ZT 12–16 in 14:10 days
(Figure 4A). When the photoperiod is very long (such as in LD)
and the energy availability is high, synchronicity of cell cycle
and growth is lost [21, 24], and this coincides with the loss of
the peak of expression of cell-cycle genes. In fact, under
LL conditions, no expression of these genes could be detected
(see below). Gene expression was also analyzed in an experi-
ment in which the first SD day was followed by two LL days
(Figure 4B). Although in SD synchronous cultures CYCA1 and
CDKB1are indeed expressed in a circadian manner, this pattern
is altered when cells are exposed to prolonged photoperiods or
continuous light, leading to the inference that the regulationsamples were taken every 4 hr during 24 hr experiments. Both
cell size and chlorophyll content of the cultures were followed
by flow cytometry and confocal microscopy. Overexpression
of CrCO had a marked effect on the normal development of
the alga, affecting both culture growth and chlorophyll
content. Additionally, cell shape and size were also severely
altered (Figure 3E).
C. reinhardtii divides by a multiple fission cycle in which
several nuclear mitoses precede cell division, finally producing
small but completely formed daughter cells [21, 34]. In synchro-
nous cultures, this event takes place at a single particular time
of the day so that division and growth are synchronized once
a day [25, 35]. This phenotype is altered in CrCOox algal
cultures; synchronicity is lost and multiple anomalous morpho-
types of the algal cells are observed during the whole photope-
riod, even in the night period. Unusual, very small cells could
also be observed under the confocal microscope. These cells
showed chlorophyll fluorescence but sometimes exhibited
altered flagellar movement or even complete mobility loss
(Figure 3F). Some large cells apparently undergoing a pro-
longed G1 phase could also be observed along the complete
photoperiod even under restrictive SD conditions, also
showing high chlorophyll fluorescence when examined with
a confocal microscope (Figure 3F). For study of the nature of
these altered morphotypes, both cell populations were sepa-
rated by cell sorting with a flow cytometer on the basis of cell
size and chlorophyll fluorescence. The population of larger
cells (7–12 mm) could be grown on minimal medium, restoring
both cell types after a few days of growth, whereas the small-
size algal population (1–2 mm) showed no detectable growth
under the same conditions.
Conserved Photoperiod Regulatory Signal in Plants
365takes place mainly at the level of dark-to-light transition, at least
in these conditions. When the expression ofCYCA1 andCDKB1
was tested inCrCOox lines, we found that both mRNAs could be
detected during the whole 24 hr cycle (Figure 4A), strongly sup-
porting the idea that altered levels of CrCO also affected the
expression of genes involved in cell-cycle progression.
In addition to the circadian influence in synchronous growth,
it has been shown that starch levels in Chlamydomonas cells
are influenced by the clock and the light input of the culture,
so that the starch content of an algal cell follows a diurnal
pattern of accumulation [20]. Therefore, the effect of CrCO
on starch metabolism was studied. In order to do so, we fol-
lowed the expression of the GBSSI gene that codes for the
granule-bound starch synthase. GBSSI is involved in the
production of amylose, and its mRNA expression has been
reported as being regulated by the circadian clock both in
plants and in algae [20, 36]. Expression of GBBSI was shown
to depend on the photoperiod, with a maximum peak before
dawn in all day-length regimes tested (Figure 5A). In recombi-
nantCrCOox algae,GBSSI expression is altered, showing high
rates of expression throughout the day (Figures 5A and 5B).
We then monitored GBSSI transcript levels during a SD fol-
lowed by two LL days. GBSSI showed a circadian pattern of
expression during the first two days, and expression was
reduced during the second LL day, thus revealing a strong
light-to-dark transition influence in its regulation (Figure 5C).
Figure 4. Onset of Some Cell-Cycle Genes in Chlamydomonas Depends on
Photoperiod and Is Modified by CrCO Overexpression
(A) Amplification of CYCA1 and CDKB1 transcripts by RT-PCR in CW15
strain grown under different photoperiods. The amplitude in diurnal rhythms
of CYCA1 and CDKB1 expression is reduced when the overexpression of
CrCO is induced. See Figure S6 for TUA1 loading controls. Panels show
a representative experiment for each photoperiod of at least three indepen-
dent biological replicas.
(B) Transcript levels of CrCO (gray line), CDKB1 (dark line), and CYCA1
(dashed line) genes amplified by RT-PCR in SD, followed by 48 hr in LL.
TUA1 expression is used as loading control.Starch accumulation in algal cells grown in LD and SD
reached maximum levels at the beginning of the dark phase
and minimal levels just before dawn, regardless of the photope-
riod (Figure5D).As expected,algae adapted toLD accumulated
higher levels of starch than those grown in SD. Modification of
CrCO levelsaltered this pattern: In LD andSD,CrCOox accumu-
lated lower starch levels than wild-type, and the maximum level
showed a 4 hr delay in SD (Figure 5D). Therefore, altering CrCO
mRNA levels modifies GBSSI pattern of expression and the
extent of starch accumulation, supporting a role for CrCO in
another photoperiodically controlled process.
Discussion
Evolution of the CO Gene Family
CO and CO-like genes encode a plant-specific group of
proteins involved in transcriptional regulation, often mediated
by light signaling. They are characterized by the presence of
a distinctive CCT domain involved in protein-protein interac-
tions and were recently proposed to mediate DNA binding in
a complex with HEME ACTIVATOR PROTEIN (HAP)-type tran-
scription factors. It has been proposed that CO could displace
HAP2 protein and, together with HAP3 and HAP1 partners,
induce gene expression in a supramolecular complex [37].
Interestingly, in the genome of C. reinhardtii, there are
homolog sequences of HAP3 and HAP1 genes but no HAP2
homologs. Further study of complex formation and protein-
protein interactions involving CrCO protein and members of
the HAP family in Chlamydomonas could help to characterize
this functional protein complex in algae. The CO CCT domain
includes a nuclear localization signal (NLS), and mutations at
this site prevent its nuclear localization, thereby causing a
late-flowering phenotype, such as in co-7 mutant [15]. Given
that the CrCO amino acid sequence is highly conserved
around the NLS and that CrCO::YFP fusions localize to the
nuclei in onion epidermis cells, we conclude that this capacity
probably resides in similar residues in the CCT domain of
CrCO. Given that the CCT domain is present in all CO homo-
logs, nuclear localization of the mature proteins may be a
general feature of the family.
COL proteins include at their amino terminus either one or
two zinc-finger domains, called B-boxes, which mediate
protein-protein interactions in animals, yeast, and plants.
COLs have been classified in different groups depending on
their sequence similarity to the CONSTANS gene from Arabi-
dopsis thaliana, which was the first member of the family
described in plants, and have been shown to have an impor-
tant role in regulation of the floral transition by photoperiod
[38]. Depending on the presence of one or two true zinc-finger
domains, two groups of algal COL proteins can be distin-
guished, and this coincides with the two major clusters of
the tree in Figure S1B. Group I includes CO, HD1, CrCO, and
VcCO, and group II includes COLs like AtCOL10, AtCOL11,
and ROC66. The latter has been shown to have a function in
the central clock of the algae, altering both the growth pheno-
type and the length of the circadian period in expression of
a reporter gene fusion [23]. Therefore, as early in evolution as
in microalgae, there is a small family of COLs among which
CrCO is probably the functional ancestor of CO, HD1, and
other members involved in the control of phase transitions.
On the other hand, in the central region of CO, there are
conserved motifs that may be important for its activity, as
inferred from the high conservation that they show in the amino
acid sequence alignments, and could be involved in different
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shown in Figure 6, we propose an evolutionary scenario in
which the first members of the COL family of proteins would
have appeared in an ancient photosynthetic eukaryote. The
fact that COLs are found in all major algal groups and are
absent in fungi, animals, and nonphotosynthetic protists
strongly supports this hypothesis. Along the evolution of the
chlorophyte line, the CO family of proteins evolved from having
a few members in microalgae to having many members in land
plants, and this has probably allowed diversification of locali-
zation and function.
CrCO Is a True CONSTANS Ortholog
Although CrCO protein shares approximately 27% identity
with CO, plants transformed with CrCO present a strikingly
early-flowering phenotype. By contrast, COL1, a recent
tandem duplication of CO in Arabidopsis, which shares more
than 85% amino acid sequence identity with CO, is not able
to complement the co mutation when overexpressed under
the 35S promoter [16]. This suggests that the structure of
CrCO protein resembles that of CO and is probably involved
in the same nuclear complexes proposed to mediate FT tran-
scription. The fact that it can complement co-8 mutation in
Ler background and co-10 mutation in Col-0 background indi-
cates that CrCO can indeed supplement CO function in the
molecular complex proposed to mediate transcription modifi-
cation [37].
We have also shown that, like CO [9], expression of CrCO
under the control of the phloem-specific SUC2 gene promoter
drives early flowering in Arabidopsis. SUC2::CrCO plants
showed higher levels of FT expression than wild-type, even in
SD noninductive conditions, and that may explain the early-
flowering phenotype observed. On the contrary, expression
Figure 5. CrCO Shapes the Pattern of GBSSI Transcript
Accumulation and Starch Content
(A) Expression of GBSSI gene in changing photoperiod
conditions in CW15 by RT-PCR. When CrCO expression
is induced in the CrCOox line in SD, GBSSI mRNA pres-
ence can be detected throughout the photoperiod. See
Figure S6 for TUA1 loading controls. Panels show
a representative experiment for each photoperiod of at
least three independent biological replicas.
(B) Quantification of GBSSI transcript levels in CW15
(dashed line) and CrCOox (black line) cultures during
a 24 hr SD photoperiod. Data are media (6 SEM) of three
independent RT-PCR experiments. TUA1 expression
was used as loading control.
(C) Circadian expression of GBSSI in a SD photoperiod
followed by two LL days. The second day in LL condi-
tions strongly decreases the circadian rhythm of GBSSI
expression. TUA1 levels are shown as a control. Data
are taken from a representative experiment of three inde-
pendent replicas.
(D) Starch accumulation in CW15 (dashed line) and
CrCOox (black line) cultures during a 24 hr photoperiod
in SD (left) and LD (right) conditions. Data are mean
(6 SEM) of at least three independent experiments.
from the meristem-specific KNATI promoter
does not promote early flowering, and no FT
expression is detected. This is also the case
in KNATI::CO plants [9]. In conclusion, CrCO,
like its plant counterpart, can function when
specifically expressed in the vascular tissues,
and this further supports the conservation of
CO function in the algal homologous gene regardless of the
vast phylogenetic distance between them.
A Conserved Photoperiod Signal in Photosynthetic
Eukaryotes
Photoperiod-dependent gene expression and regulation is
a crucial process for photosynthetic organisms, because
anticipating diurnal and seasonal light signals allows the
correct timing for promotion of light-dark transitions or phase
changes during the year. In this sense, plants have adapted
several of their key processes in order to be regulated by
a photoperiodic signal for control of important developmental
processes, such as dormancy, branching, or floral transition
[1, 2, 13]. In this regulatory pathway, COL proteins seem to
have an important role, given that members of this family are
regulated by light and the circadian clock [16, 23]. At the
same time, they are implicated in the regulation of light-depen-
dent processes, such as PHYB control of hypocotyl growth,
branching, or flowering time [25, 38]. Among the many genes
that regulate floral transition, the CO-FT module [4] seems to
be present in many different plant families of dicots and mono-
cots and to induce flowering in both herbs and trees [11, 13].
Unlike other floral regulatory pathways, such as the FLC-
vernalization pathway, which seems to be specific to some
dicots [39], COL genes are present already in genomes of
Bryophytes, such as the moss Physcomitrella patens [14],
Lycophytes, such as the spike-moss Selaginella moellendorfi,
and several microalgae (this work).
Complementation of CO function by CrCO in Arabidopsis is
remarkable because it implies that COL genes have been
involved in circadian regulation and control of reproduction
since very early in the Chlorophyte lineage and these character-
istics have been preserved during evolution. The comutation is
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367not lethal in Arabidopsis or other plants, although it probably
constitutes a crucial evolutionary trait in the capacity of plants
to adapt to new environments. Mutations in CO ortologue HD1
have been selected as important traits to adapt to temperate
climates, at least in rice [40, 41]. In Chlamydomonas, cell cycle
and growth are controlled by the circadian clock and the photo-
period as demonstrated by the change in the peak of expres-
sion of key cell-cycle components depending on the day/night
length. Our work in Chlamydomonas suggests that CrCO loss
of function causes lethality in the microalga and that its overex-
pression severely affects the capacity to maintain synchro-
nized division and growth, as well as probably altering other
circadian output processes controlled by the circadian clock
such as starch metabolism. Therefore, we propose that since
early in their evolution, conservation of CO function may have
been critical for the decision of plants to respond to external
light signals and promote developmental transitions.
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Supplemental Data include Supplemental Experimental Procedures, six
figures, and three tables and can be found with this article online at http://
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